ABSTRACT
INTRODUCTION
Chromium(V) and -(IV) complexes are believed to be the ultimate carcinogens in chromium(VI)-induced carcinogenesis (1) (2) (3) (4) (5) . These two atypical oxidation states are formed by reductions with cellular reducing agents (6) (7) (8) (9) (10) (11) (12) (13) (14) . Recently, we have shown that single-stranded (ss) DNA is oxidized by two chromium(V) complexes (15) , bis(2-ethyl-2-hydroxy-butanato)-oxochromate(V) (I) and bis(hydroxyethyl)amino-tris(hydroxymethyl)methane)oxochromate(V) [Cr(V)-BT; BT = bis(hydroxyethyl)amino tris(hydroxymethyl)methane] (II) (Scheme 1). These two complexes were used as a model to gain mechanistic insight into the DNA oxidations. In particular, we have shown that one of the major pathways of oxidation is through the coordination of the phosphate diester moiety followed by hydrogen abstraction (or hydride transfer) from the C1′ position of the ribose (15) . Polyacrylamide gel electrophoresis experiments with a 32-oligomer revealed that >60% of cleavage took place at the G bases, even though the 32mer contained only 29% of the G base. The amount of released guanine estimated from the HPLC experiments appeared to be somewhat lower (<50%) than that predicted from the gel electrophoresis based on the cleavage at G sites. Our experiments were not designed to measure the guanine oxidation products. We have now carried out new experiments to assess other oxidation products. An understanding of various pathways of oxidation is important since we have yet to evaluate factors that control the reactivity and selectivity (sites of DNA oxidation) of this redox process. For example, structural variations of chromium(V) complexes and the nature of the coordinated ligands might dictate their selectivity and reactivity. It is, therefore, conceivable that product distributions resulting from oxidations at different sites may be varied for different chromium(V) compounds. Furthermore, chromium(V)-mediated oxidation products from double-stranded (ds) DNA should be compared with those obtained from ss analogs for understanding mechanistic variations with nucleic acid structures. Finally, a variety of sequences of oligonucleotides need to be examined for establishing base or sequence specificity toward the DNA cleavage. The present study is primarily aimed toward gaining insight into the extent of base oxidation compared to that of the sugar moiety, to recognize base specificity by selecting different sequences and to compare the sugar oxidation products from dsDNA with that from the ss counterpart. 
MATERIALS AND METHODS

Reagents
Chromium(V) complexes, bis(2-ethyl-2-hydroxy-butanato)oxochromate(V) [Cr(V)(HEBA) 2 - ; I] and bis(hydroxyethyl)aminotris(hydroxymethyl)methane)oxochromate(V) [Cr(V)-BT; II] were synthesized following the literature methods (16) (17) (18) . Caution: Chromium(V) complexes are carcinogens and mutagens and should be handled with care. ss and ds calf thymus and human placenta DNA were obtained from Sigma. The oligonucleotides GATCTAG-TAGGAGGACAAATAGTGTTTGCTTTG-OH (oligo-I) and GA-TCCAAAGCAAACACTATTTGTCCTCCTACTA-OH (oligo-II) were synthesized by Gibco/BRL (Gaithersburg, MD). The radioactive isotope [α-32 P]dCTP (3000 Ci/mol) was purchased from Dupont/NEM (Boston, MA). The modified guanine base, 8-oxo-deoxyguanosine (8-oxo-dG), was purchased from ESA (Boston, MA). Nucleosides, deoxymononucleotides, nuclease P1 and alkaline phosphatase were purchased from Sigma. Organic solvents used for HPLC separations were of highest purity. Dimethyl sulfate was obtained from Acros (Geel, Belgium). Hydrazine, piperidine (Sigma) and formic acid (Fisher Scientific) were used without further purification.
Preparation of 32 P-labeled oligonucleotides
Synthetic ss oligomers were labeled at the 3′-end by adding [α-32 P]dCTP (3000 Ci/mol) with terminal deoxynucleotidyl transferase (Promega, Madison, WI) and gel purified by excising the labeled oligomer from a 15% polyacrylamide gel. Sizes of chromium cleavage products were determined by comparison to a sequencing ladder generated by chemical cleavage of the same probe by the method of Maxam and Gilbert (19) .
Preparation of single-and double-stranded DNA
Solutions of calf thymus or human placenta ssDNA were prepared by heating at 75_C for 5 min followed by immediate cooling on an ice bath. The concentration was determined by using the molar extinction coefficient, 6.60 × 10 3 M -1 cm -1 at 260 nm. The concentration of dsDNA was also determined spectrophotometrically by utilizing a conversion factor of 1 absorbance unit to 50 µg/ml equivalent at 260 nm.
High performance liquid chromatographic separation
Chromatographic separations were done either on a Waters system equipped with a diode array detector or Varian gradient system equipped with a UV-Vis detector. Data acquisitions and retrieval on the Waters system were done by Millennium software. Separations were accomplished on a reversed-phase C-18 column (Waters, Novapak) either by an isocratic or a gradient elution technique. Usually, detections were made at 260 nm. In a typical isocratic separation, 50 mM ammonium formate or phosphate buffers (pH 4.0 or 7.0, respectively) in 90% water: 10% acetonitrile (v/v) were used as mobile phases. For gradient separation, the mobile phase consisted of 50 mM ammonium formate (pH 4.0 or 7.0; solvent A) and 100% acetonitrile or methanol (solvent B). A linear gradient from 0 to 100% B in 20 min was set up for one-step gradient. In the two-step gradient, 0-15% B was initially used for the first 15 min followed by 15-100% of the same for an additional 25 min.
Mass spectrometric measurements
Mass spectra were collected on a modified VG Autospec tandem mass spectrometer with an EBE geometry. The samples were ionized by an electron impact ionization source (70 eV).
Cleavage of synthetic oligonucleotides by chromium(V) complexes
The chromium(V) cleavage reactions were initiated by incubating Cr(O)(HEBA) 2 (I) complex (1.0 mM) with the oligonucleotides (10 000 c.p.m. of the end-labeled probes) with or without BT (30 mM) at pH 7.0 for 2 h. The final volume of the reaction mixture was adjusted to 100 µl. In some cases, EDTA (50 mM, pH 8.0) was added at the end of the reaction and incubated for an additional 30 min at room temperature. The samples were precipitated by adding 25 µl of DMS stop solution (1.5 M sodium acetate, 1.0 M β-mercaptoethanol and 100 µg yeast tRNA/ml) and 300 µl ethanol. The precipitate was collected by centrifugation. The ethanol precipitation was repeated and the cleavage was initiated by heating at 90_C in the presence of 10% piperidine for 30 min. To reduce volatile components, the samples were dried and resuspended in water twice. The pellet was dissolved in 15 µl formaldehyde loading solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol FF). After heating, the samples were separated on an 8% (29:1 cross-linking) acrylamide sequencing gel containing 6 M urea. The bands were visualized by exposing X-ray film and were quantified with IP Lab Gel software (Signal Analytics Corp., Vienna, VA) in conjunction with Molecular Dynamics PhosphorImager 445Si.
Reactions of Cr(V) complexes with single-and double-stranded DNA
Typically, reactions between DNAs (5-10 mM) and chromium(V) complexes (1-2 mM) were carried out in BT (25-30 mM) buffer at pH 7.0 for 2-13 h at 37_C. At the end of these reaction times, EDTA (50 mM, pH 8.0) was added and the mixtures were incubated for an additional 25 min to release coordinated bases and phosphate moieties (20) . The oxidation products were analyzed by two methods: acid precipitation and enzymatic hydrolysis, followed by HPLC separation. For the acid precipitation, the EDTA-treated Cr(V)-DNA reaction mixtures were treated with perchloric acid (1.0 M) for 5 min. The unreacted DNA was separated by centrifugation. The solution was immediately adjusted to pH 7.0 by Na 2 CO 3 and subjected to HPLC separation. Control experiments without Cr(V) were performed in an identical manner to assess any damage without the metal center.
In another set of experiments, the Cr(V)-DNA reaction mixtures were enzymatically hydrolyzed to nucleosides by nuclease P 1 (10-15 U/ml) for 30 min followed by alkaline phosphatase (20 U/ml) for an additional 30 min (21). The digested mixtures were then subjected to gradient HPLC separations utilizing mobile phases and gradients outlined earlier.
Control experiments without the chromium(V) complexes were carried out in an identical manner.
The chromium(V) reactions with DNA were also carried out under nitrogen. In these experiments, individual reactants were purged with oxygen-free nitrogen for at least 15 min. Nitrogen gas was passed through Cr(II) towers to remove any oxygen present in the gas. Figure 1 shows cleavage of two oligonucleotides, 5′-GATCTAG-TAGGAGGACAAATAGTGTTTG-3′ and 5′-GATCCAAGCA-AACACTATTTGTCCTCCTACTA-3′, by the chromium(V) complexes, I and II on polyacrylamide gels. In the absence of piperidine, the cleavage was minimal. These small cleavages were observed predominantly at G sites. The cleavages were intensified upon treatment with piperidine. Other sites of cleavage became apparent, although G sites were more prominent. For the piperidine-treated cleavage process, quantitative determinations based on the density measurements revealed that 62% of cleavage took place at G sites for the first mentioned oligonucleotide, even though the G base represents only 32% of the sequence in the 28 bases of the 33mer that have been observed in the gel. In contrast, the A base represented 36% of the sequence, yet only 21.5% of cleavage was observed at A sites. The remaining cleavages took place at C (4%) and at T (12%) bases. Note that C and T represent 8 and 24% of the bases in the 28mer. Similar cleavage patterns were observed for the other oligomer. These results confirm our earlier study (15) that the cleavage is predominantly restricted at G sites. Table 1 summarizes the cleavage of three oligonucleotides of varied sequences. (36) 4 (12) 62 (32) 12 (24) Oligo-II c 25 (36) 21 (29) 30 (11) 23 (25) Oligo-III d 12 (20) 11 (20) 60 (40) 17 (20) a Percent cleavage and percent composition are based on the part of the sequences observed on the polyacrylamide gels. Percent numbers may not add to 100 due to rounding.
RESULTS
The numerical values in parentheses represent percent compositions of the bases in the oligonucleotides. In order to understand the chemical nature of the cleavage processes, the products were characterized by HPLC and mass spectrometry as described below. The chromatographic characterization was done based on matching retention times with authentic samples (often spiked with the reaction mixture) and UV spectra recorded by the diode array detector. Due to the higher concentration requirements, ss human placenta and calf thymus DNA were used rather than the oligonucleotides described above. Figure 2 shows a typical chromatogram of the reaction mixture which was subjected to exonuclease digestion at the end of the reaction. Four intense peaks resulted from the enzymatic hydrolysis of unreacted DNA, corresponding to the four nucleosides dA, dC, dG and dT. The two overlapped peaks (not shown) were identified as Cr(VI) and Cr(III) products with retention times of <2 min. The remaining peaks are DNA oxidation products and released bases. Peaks for the four bases appear right after the elution of Cr(III) and Cr(VI), except that the peak for adenine base appeared to be broad. A peak for furfural is clearly seen in the chromatogram while the peak for 5-methylene-2-furanone (5-MF) coelutes with dG. This assignment can be supported by the observation that the peak for the dG is more intense than dA although the latter base has the highest molar absorptivity at 260 nm. Furthermore, when the undamaged DNA was separated by acid precipitation and the acid soluble products were subjected to HPLC separation (without enzymatic cleavage), two distinct peaks for furfural and 5-MF were observed. The inset of Figure 2 shows the separation of furfural and 5-MF from the acid precipitation method by utilizing a different mobile phase. The third product was identified to be 8-oxo-guanosine. Two bands at 293 and 245 nm were observed for this product as reported by Kasai and Nishimura (22) which also matched with the standard sample. Another peak (F) with a matching retention time corresponding to trans-thymine propenal was also observed. We have yet to identify the product for peak E which exhibits an absorption band at 259 nm.
In the earlier report, we have shown that the reaction of Cr(V) and ssDNA predominantly afforded 5-MF which was separated from the unreacted DNA by acid precipitation of the nucleic acid. The peak for the above mentioned ketone in the HPLC chromatogram was quite broad. The assignment was supported by mass spectroscopic data for which a molecular ion at m/z = 96 and the fragmentation patterns were quite similar to those observed for an authentic sample. However, in the present work, the broad HPLC peak is now resolved into two components using a gradient separation technique and different mobile phases. Indeed, the major component is 5-MF, while the minor component is furfural, another sugar oxidized product which we had overlooked due to the overlapping nature of the chromatographic peaks. In fact, the mass spectra of the two sugar oxidation products, 5-MF and furfural, show the parent ion at m/z at 96 and almost identical fragmentation patterns. The apparent difference between the mass spectra of these two carbonyl compounds is that a new peak at m/z = 79 observed for furfural was absent for 5-MF. Sugar oxidation products from reactions between dsDNA and Cr(V) complexes were also examined after acid precipitation. Although both furfural and 5-MF were detected, the latter is no longer the dominant product in the dsDNA.
The two products, 5-MF and furfural, are formed by the oxidation of ribose initiated through C1′ and C5′ positions. These oxidation processes are accompanied by the release of bases. Therefore, the quantities of released bases determined by HPLC can be related to the extent of DNA damage through the ribose oxidations. Table 2 shows the relative percentages of the released bases during the oxidation of ssDNA. These data indicate that more G is released compared to other three bases, implying that the ribose attached to G is susceptible to oxidation. We should add that the distribution of the various oxidation products depends on pH and the concentration of chromium employed. At higher chromium concentrations, the formation of 5-MF appears to be minimal. If the reaction mixture was left in the dark for several days at room temperature in the presence of EDTA, a substantial increase in 5-MF production was observed. This increase may be related to the slow conversion of an intermediate lactone to 5-MF without undergoing substantial decomposition, as opposed to heating the sample at 90_C which accelerated the decomposition or polymerization. (25) 20 (24) 50 (25) 15 (25) hp-ssDNA b 10 (25) 27 (25) 38 (25) 25 (25) a Almost equal percent composition of four bases was observed from HLPC chromatograms resulted from the complete digestion of the free DNA by nuclease P 1 and alkaline phosphatase. The formation of 2-deoxy-8-oxo-guanosine is indicative of the oxidation of the oxo-purine base. This oxidized nucleoside was detected by enzymatic cleavage with nucleases. A comparison of the extent of G and 2-oxo-dG formation may be useful to understand the relative ease of oxidation of the ribose (attached to G) and G base itself. Unfortunately, it is difficult to quantify G and modified G from the same chromatographic experiments. The difficulty of estimating both G and 8-oxo-dG in the same experiment is due to the fact that enzyme digestion is carried out at neutral pH and the solubility of guanine is extremely low so that only a portion of the released G is seen in the chromatogram. In fact, when bases were estimated through acid precipitation, the amount of G was found to be substantially higher than that observed at neutral pH. However, to a first approximation, the HPLC data on hand do support an additional ∼10-15% damage at G due to the formation of 8-oxo-dG.
In an attempt to understand the nature of the various species, e.g. Cr(V) or Cr(IV) that are responsible for the formation of a variety of oxidation products, we have analyzed chromium products. For example, at neutral pH, ∼80% chromium(V) disproportionates to Cr(III) and Cr(VI), while at lower pH (≤4), this reaction is <50%. On the other hand, at lower pH we did not detect the phosphatochromium(V) intermediate by epr spectroscopy as shown in our earlier work. It appears then, that at higher pH, the oxidation, at least in part, is dominated by the phosphato intermediate. The involvement of Cr(IV) through the disproportionation reaction must be minimal. This is based on the fact that Wetterhahn and co-workers (23) have observed an insignificant amount of oxidation by the Cr(IV) intermediate.
DISCUSSION
Furfural, 5-MF and 8-oxo-dG are formed due to ribose and guanine oxidations of DNA. The first two mentioned products originate from the oxidation of ribose initiated at C1′ and C5′ positions. However, the formation of neither the oxo-species nor the 5-MF necessarily breaks the DNA backbone as indicated in Figure 2 . HPLC chromatogram of Cr(V)-DNA reaction mixture consisting of 1.0 mM of the complex I and 2.0 mM hp-ssDNA which was subjected to exonuclease cleavages at the end of the reaction. Components were separated on a C-18 column by using a gradient mobile phase consisting of ammonium formate and acetonitrile described in Materials and Methods. Peaks are detected at 260 nm and identified as follows: A, cytosine; B, guanine; C, thymine plus 2′-deoxycytidine; D, adenine; E, an unidentified product; F, thymine propenal; G, furfural; H, 2′-deoxyguanosine plus 5-MF; I, thymidine; J, 8-hydroxy-2′-deoxyguanosine; K, 2′-deoxyadenosine. (Inset) Portion of an HPLC chromatogram thus resulted after removing unreacted DNA by acid precipitation without utilizing nucleases. The two peaks are identified as furfural and 5-MF ( the more intense peak). Note that the mobile phase, which is different from that in the main figure, is phosphate buffer (50 mM) and acetonitrile with a linear gradient from phosphate to 100% acetonitrile in 20 min. Scheme 2. The formation of furfural, on the other hand, gives rise to strand scission as shown in Scheme 2. It is commonly known that the glycoside bond is substantially weakened due to the formation of a ribono-lactone, an intermediate leading to 5-MF, and the oxidized G (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . Treatment with piperidine generates the base labile scission due to the weakening of the glycoside bond which we have observed in our polyacrylamide gels. Besides 8-oxo-dG, two other oxidized bases, 2,2-diamiooxazolone and 2-aminoimidazolone, have been identified in the radiation damage of DNA (34). We did not observe the latter two products in our reaction. There also appears to be some controversy as to whether 8-oxo-dG would give rise to base labile scission of DNA (24) . In any event, in order to understand the relative contributions from base versus sugar oxidations, independent measurements of the sugar and base oxidation products are necessary. Unfortunately, 8-oxo-dG is difficult to detect in the piperidine-treated milieu due to the limited lifetime of the oxo-species under the conditions of the treatment (24, 35) . Likewise, 5-MF polymerizes easily under similar conditions. The detection of this ketone was accomplished by removing unreacted DNA through acid precipitation as discussed in the earlier paper. In order to measure the oxo-base, we have followed the procedure adopted by Barton and co-workers (21) in which the DNA oxidation products were subjected to exonuclease treatments which readily release the bases without completely decomposing the base oxidation products.
The amount of 8-oxo-dG recovered by the process described above may still be under-estimated for several reasons. First, it has been shown that the oxo-base undergoes decomposition with a half-life of ≤30 min at 90_C. Although the enzymatic cleavage requires much milder conditions, some oxo-base would certainly suffer decomposition during the digestion process (24, 35) . In the absence of kinetic data, activation energy of decomposition in particular, it is difficult to estimate how much oxidized base is missed. Second, the exonucleases may not recognize chromiumbound base and, therefore, skip the scission at the base coordinated sites. For example, when platinum(II) is bound to Gand A-bases of DNA, these enzymes skip the platinated sites during the cleavage process (36,37). We do not know, however, whether chromium would parallel the platinum-DNA chemistry toward the enzymatic cleavage process. Although addition of EDTA does release the base, this sequestering agent significantly inhibits the enzyme activities toward the cleavage process. Finally, when oxidations at G-base and at the C1′ position of the ribose of the same nucleoside take place, 8-oxo-guanine will be released. Such oxidations are observed in the DNA damage initiated by γ-radiation (38) . In fact, an unidentified peak, E, in the HPLC chromatogram might correspond to this product.
The mechanism of formation of 8-oxo-dG by the oxochromate needs to be addressed. Usually, three mechanisms have been postulated for the formation of the oxidized base. An attack by a hydroxyl radical at the C8 position of dG followed by subsequent tautomerization leads to the formation of the product (39) (40) (41) . In fact, a hydroxyl radical is shown to be involved in the formation of the oxo-base through a Fenton type reaction with Cr(V) and Cr(IV) with hydrogen peroxide (42) . The second mechanism involves a [4 + 2] cycloaddition reaction of singlet oxygen to the C4-C5 and N7-C8 double bonds of guanine followed by a rearrangement from endo-peroxide to C8-hydroperoxide (43) (44) (45) (46) . The third mechanism is based on the photosensitized oxidation through guanine radical generation (47) (48) (49) . As stated in Materials and Methods, the oxo-base was detected in the reaction mixture that was purged with highly purified nitrogen. Therefore, the amount of oxygen in the reaction mixture that would assist in the formation of reactive oxygenated species is minimal. Furthermore, the amount of the oxo-base, 5-MF and furfural in the nitrogen purged reaction mixture were no different from that obtained without purging. Therefore, an active oxygenated species including hydroxyl radical may not be involved in the production of oxo-guanosine. Among other possibilities, an oxo atom transfer from the chromium(V) center to the purine double bond appears to be attractive. This possibility has been implicated by Thorp and co-workers (50) in the oxo-ruthenium-mediated DNA oxidation. The fact that an oxo atom transfer from oxochromium(V) and -(IV) complexes to olefinic double bonds to form epoxides is well established (51, 52) . Moreover, compound I indeed reacts with olefins to form diols, perhaps through the oxygen atom transfer reaction (53) . Therefore, an oxo transfer reaction initially producing an epoxide, followed by further rearrangements to yield the oxo-base is likely.
The HPLC chromatograms also exhibit furfural. This aldehyde is more abundant in reactions with dsDNA compared to those with ss analog. The mechanistic implications for this differential distribution must not be overlooked. For example, in the earlier paper (15), we have documented that Cr(V) initially binds the phosphate diester moiety, followed by hydrogen abstraction (or hydride transfer) from the C1′ position of the ribose. However, for a dsDNA, the hydrogen at this location is not readily accessible by the chromium(V) species due to its restricted conformation, whereas the hydrogen atom on the C5′ position of the dsDNA is quite close to the Cr(V)-phosphate bond. It is, therefore, conceivable that hydrogen abstraction or hydride transfer is predominantly initiated from this site when the penta-valent species is coordinated to the phosphate moiety of the dsDNA. Hydride transfer reactions for a number of organic oxidations by oxochromate(V) species have been reported (54, 55) . This selectivity appears to parallel that observed for the hydroxyl radical initiated DNA degradation in that the hydrogen abstraction from the C5′ position is much preferred over the C1′ (56) . The pathways differ in that the hydroxyl radical-mediated pathway encounters substantial damage through the C4′ position (56) which we did not observe.
In addition, HPLC chromatograms also reveal the existence of two minor products. Retention times for one (peak F) closely matches that of thymine propenal. The formation of base propenals usually proceeds through the hydrogen abstraction from C4′ position of the ribose followed by an attack by O 2 , and has been addressed by several authors utilizing a variety of oxidizing agents (28, (57) (58) (59) . In fact, a small but detectable increase in intensity for this product was observed in the presence of oxygen. We have yet to identify the second peak (E) in the chromatogram (Fig. 2) . Since the intensities of these two peaks (including the propenal) were weak, we were unable to record meaningful mass spectra of these components after collecting the fractions from the HPLC column.
Reasons for higher selectivity toward the G base need to be addressed. This particular base is the most easily oxidized based on the ionization potential data (60, 61) . However, we have observed more sugar oxidation than that of the base itself. There appears to be a good correlation between the two two-electron oxidants, oxo-ruthenium(IV) [Ru(tpy)(bpy)O 2+ ] (25) and the oxo-chromium(V) complexes, in oxidizing DNA, although there are subtle differences. In the former case, oxidation through the C5′ position was not observed. Furthermore, G-oxidation appears to be more than what we have observed with the oxochromate(V) centers. In the ruthenium case, an outer sphere complex is easily formed due to the electrostatic attraction between the dipositively charged complex and the negatively charged DNA. Therefore, the ease of oxidation by the ruthenium center can be understood by analyzing the potential data of the redox partners. We have shown earlier that the Cr(V)-mediated oxidation proceeds, at least in large part, through a Cr(V)-phosphato intermediate. Although we have reported the reduction potentials of oxo-Cr(V/IV) and oxo-Cr(IV/III) redox couples (62), we do not know the reduction potential of the phosphato intermediate. It is interesting to note that Hecht and co-workers have indicated that the C1′ position of the attached to G is more reactive than others (63) .
The variety of pathways of DNA damage by chromium(V) complexes described above needs to be appraised in the context of chromium(VI)-mediated carcinogenesis. Long-lived chromium(V) intermediates generated by biological reducing agents including glutathione and ascorbic acid are considered to be putative DNA damaging agents (6) (7) (8) (9) (10) (11) (12) (13) (14) . Although exact coordination environments of these intermediates have yet to be established, these complexes are oxo species and the reducing ligands are believed to be coordinated to the chromium(V) center. In fact, epr data did support the coordination of ascorbate ligand through the alcoholic group to oxo-chromium(V) (11, 64) . In this context, the coordinated carboxylate and alcoholic functionalities that we have used in our studies are quite relevant. However, there are conflicting reports regarding the nature of the chromium(V) species involved in the DNA oxidation. For example, Kortenkamp and co-workers (64) (65) (66) have observed the formation of apurinic/apyrimidinic sites (AP sites) and strand breakage in PM2 DNA during the ascorbate and glutathione reductions of chromate. These authors suggested that AP sites and strand breakage in these reactions resulted from a reactive intermediate, most likely a peroxidic species coordinated to the chromium, since the addition of catalase prevented the DNA damage. Molecular oxygen may react with hypervalent chromium centers to generate such peroxo complexes. Since we did not observe any accelerated reaction or formation of new products or more of the same products (except base propenals) in the presence of oxygen with our model chromium complexes, involvement of peroxo complexes in forming major products in our system can be ruled out. This does not mean that other chromium(V) and -(IV) complexes would not react with molecular oxygen and generate reactive peroxo species. In fact, well characterized peroxo-chromium(IV) complexes have been reported (67) (68) (69) . However, Lay and Lavina (70) have demonstrated the absence of direct activation of oxygen by chromium(VI), -(V) and -(IV) complexes in the presence of oxygen and cellular reducing agents. However, our data, specifically the release of bases during the oxidation process, certainly support the formation of apurinic and apyrimidinic sites. Furthermore, we also observed the strand breakage.
Dalal and co-workers (42, 71) have examined the role of hydroxyl radicals generated by Fenton type reaction between Cr(IV) and peroxide in DNA oxidation. These authors have shown that in the presence of peroxide, the oxidation exclusively takes place at the G base yielding 8-oxo-dG. These reactions are quite facile. A small cellular peroxide concentration may be sufficient to generate hydroxyl radical to cause base oxidation leading to DNA damage. Wetterhahn and co-workers (23) reported limited oxidation [<1% of Cr(V) used] of thymine-5′-diand tri-phosphate by the Cr(HEBA) 2 complex. These workers (23) observed oxidation at the C4′ position of the ribose and concluded that the formation of one of the products is oxygen dependent. Since the chromium(V) complex undergoes facile disproportionation reaction through the intermediate Cr(IV) oxidation state, these authors postulated that chromium(IV) species were mainly involved in the oxidation process. Since we have retarded the disproportionation in our reaction by binding with BT, it is most likely that we are observing primary reactions between DNA and oxo-chromium(V) complex. The above argument does not imply that Cr(IV) is excluded from the process since the tetra-valent oxidation state will be encountered in the reduction of Cr(V) to Cr(III).
In conclusion, we have shown that ss-and dsDNA are oxidized by oxo-chromium(V) complexes without the involvement of any activated oxygenated species. For both the DNAs, 8-oxo-guanosine is one of the oxidation products, and this oxo-species may be formed by a direct atom transfer reaction. In addition, hydrogen atom abstraction or hydride transfer from the C5′ position leads to the formation of furfural. In both cases, other minor oxidation products, including thymine propenal, were also formed in both cases. There is, however, some difference between the ss and ds deoxynucleic acids. For the ssDNA, an oxidation at the C1′ position of the ribose is more significant than C5′. For the dsDNA, the C5′ position appears to be equally or more susceptible to oxidation. This difference may be attributed to the accessibility of the hydrogen atoms at the above two sites by the oxo-metalates due to the conformational differences of the nucleic acids.
